In this paper, some experimental equipment has been set up for kHz frequency AC liquid phase discharge, and the temperature of the deionized water was regulated during discharge. The electrical characteristics and spectra of liquid phase H 2 O discharge have been investigated. Two discharge modes, high temperature and low temperature, were both found. The results show that there are two mechanisms in liquid phase discharge: the field ionization mechanism and the breakdown mechanism of bubbles, and these two mechanisms are always developed simultaneously; the temperature is the key factor determining the discharge type. At high temperature, the breakdown of bubbles is the main discharge mechanism, and the field ionization mechanism occurs mainly at low temperature.
Introduction
Liquid plasma is a new concept developed in recent decades and has been studied since the 1960s. It can be divided into three types: DC discharge, pulsed discharge, radio frequency and microwave discharge.
As the environment of liquid phase discharge is complex, the mechanism of discharge is still largely unknown at present [1, 2] . Field ionization is a discharge mechanism proposed by Kuskova [3] , which argues that the strong electric field causes collisions among aggravated electrons, and the plasma is produced by the ionization of liquid water. Rogers et al [4] used the field ionization mechanism, and they considered that the discharge process was the dissociation of a water dissipated state, and thus modeled the discharge processes 'dissociation'. The breakdown mechanism of bubbles [5, 6] was where the discharge occurred in the water bubbles. The bubbles were generated by ohmic heating of the water at the tip of the electrode. When the bubble is large enough to form a bridge, water bubbles are broken down and produce discharge. Some other scholars believe that the electrical breakdown of liquid is a mixing process of heat and electricity [7] , where the regulation of heat and electricity in liquid phase discharge is particularly important.
The effect of the electrode gap on discharge types was studied by Sugiarto et al [8] . A red streamer was produced near the high-voltage electrode with discharge and propagated to the grounding electrode. The discharge that the streamer does not propagate to the grounding electrode is the streamer discharge, and the discharge that the streamer contacts with the grounding electrode is the spark discharge. When the streamer is near the grounding electrode, the color of the streamer turns from red to white. Figure 1 shows illustrations of the three electrical discharge types.
The characteristics of discharge and active species were studied experimentally using a needle-plate geometry in deionized water [9] . Figure 2 shows the emission spectra of the spark discharge and the streamer discharge in deionized water. The emission spectrum produced with the spark discharge contained a broad distribution, and had maximum emission intensity between 400 and 500 nm. Radical emission peaks were observed, even though the broadband background was strong.
There are also many relevant works on the mechanisms of discharge in liquid, the effect of oil temperature on the interaction between a pin electrode and the silicon oil film covering a dielectric coated metal electrode under high AC pulse voltages. In addition, the thermal characteristics of the interaction process between water droplets on a hydrophobic insulator surface under high DC voltages has been investigated by Xie et al [10] [11] [12] .
Liquid phase discharge has a broad application prospect in the degradation of organic pollutants [13, 14] , material preparation, modification [15] and water purification [16] [17] [18] . The research on liquid phase discharge in China is mainly focused on industrial application. There is less focus on the discharge characteristics and modes, and the corresponding basic theory is lacking.
Experimental apparatus
In this paper, a set of kHz liquid phase discharge devices is designed and the optimum discharge conditions are matched. The AC discharge of liquid H 2 O has been successfully achieved, and a preliminary study has been conducted on the conversion of the discharge mode and physical characteristics.
The experimental device is shown in figure 3 . It consists of four parts namely the AC power supply, discharge device, spectral measurement system and electrical measurement system. The AC power supply includes a plasma power supply and a voltage regulator. The output voltage of the power supply is sinusoidal. The model of the low-temperature plasma power supply is CTP-2000K made by CORONA LAB, and the frequency range is 6.5-20 kHz. The electrode is placed in the center of the reaction vessel filled with deionized water in liquid phase. The needle electrode is made of copper wire with a diameter of 1.0 mm, the electrode tip is polished and oxidized, the taper angle is 60°, the other end is connected to the power supply, and the distance between the electrodes is adjustable within a range of 5.0 mm. In this experiment, the electrode gap is kept at 1.0 mm, the voltage (P6015A, Tektronix) and current (Pearson 6585) probes are, respectively, connected to the discharge circuit to record the voltage and current-time curves during discharge. An AvaSpec-2048 TEC dual-channel thermoelectric cooling spectrometer (Avantes) was used to record the plasma emission spectra and the data were analyzed by AvaSoft 8.
The ion concentration of deionized water used in this experiment is close to 0.0 mg l −1 . The electrical and optical properties of the discharge were studied, respectively, at the high-temperature (T=20°C; 30°C) and low-temperature (T=0°C (the deionized water in the form of an ice-water mixture); 10°C) condition. T is the temperature of the deionized water.
Results and discussions

Discharge phenomenon
The discharge morphology of the four temperature states of deionized water is shown in figure 4 . The discharge takes place between the two electrodes, and a Nikon D7000 camera is used for shooting; exposure time is 1/500 s, aperture size is f/5.6.
The discharge phenomenon is essentially different in two states. The phenomenon of discharge in T=0°C deionized water appears as a bright white spark, and the center of the Emission spectra from the spark discharge (top curve) and from the streamer discharge (bottom curve) in distilled water with needle-plate electrodes [9] . discharge is bright white and the edge is red in T=10°C deionized water. Both these discharges are accompanied by a violent crackling and with fewer bubbles generated between the two electrodes. The morphology of the discharge in T=20°C and 30°C deionized water is a purple-red streamer, and the light radiation of the discharge is very weak compared to the discharge in T=0°C and 10°C deionized water. A bubble channel is formed between the two electrodes during discharge, and a large number of bubbles are ejected between the electrodes. The discharge bubbles in T=30°C deionized water are bigger and denser than those in T=20°C.
The results show that deionized water has different discharge modes under different temperature conditions. At high temperature (T=20°C; 30°C), because the deionized water energy is high, the ohmic heat generated by additional voltage between the electrodes makes the deionized water gasify easily to form big bubbles, and then the bubbles are broken down under high voltage. Because the energy of the deionized water is low at low temperature (T=0°C; 10°C), the ohmic heat generated by adding the same voltage between the electrodes is not enough to make the water gasify to form a bubble bridge; this discharge mode is field ionization discharge. Figure 5 shows the voltage and current-timing diagram of discharge in deionized water at different temperatures. The discharge frequency is 11.44 kHz. It can be found that there are many breakdown times when the instantaneous voltage is within a range greater than a certain value during a half-cycle, and every breakdown produces a filamentary discharge. The discharge breakdown current fluctuates greatly and the number of breakdowns is very small at T=0°C; 10°C. The breakdown voltages at 0°C and 10°C are about 3000 and 2000 V respectively, and the breakdown current in 0°C deionized water is about 12 A, while in a half-cycle of the discharge at 10°C deionized water, the first breakdown current is about 10 A and the next few times is around 5 A. At high temperature (T=20°C; 30°C), the number of breakdowns is bigger than that at low temperature (T=0°C; 10°C). The breakdown voltages at 20°C and 30°C in deionized water are about 1000 V, and the breakdown current is more than 4 A at 20°C; 3 A at 30°C. The number of breakdowns at 20°C is bigger than that at 10°C during a half-cycle. Figure 6 shows the spectral characteristic of the low-discharge mode and the spectral characteristic of the high-discharge mode is shown in figure 7 . The characteristic peaks of emission spectra in the two discharge modes are listed in table 1.
Electrical characteristics
Spectral characteristics
The two discharge modes have essentially the same characteristic peaks, as can be seen from figures 6 and 7. The H α line at 656 nm is the strongest, and the H β line at 486 nm is also obvious. The transition spectra of O at 777 and 844 nm are weaker than those, and the transition bands at 305-315 nm are OH radicals. As the discharge occurs in pure deionized water, high-energy electrons collide with water molecules to produce large amounts of H, O, and OH radicals. A number of Cu lines appear at 324-327 nm, 435 nm and 510-546 nm because the discharge electrode is copper and is oxidized by a large amount of active material produced by water ionization during the discharge process. The emission intensity of discharge in low-temperature deionized water is several times higher than that in deionized water at high temperature. The emission spectrum of discharge in low temperature has a wide range of continuum spectra; this is likely because the two modes of discharge are different. The breakdown of bubbles induces the streamer discharge in hightemperature deionized water, and the breakdown of liquid water induces the spark discharge in low-temperature deionized water.
Conclusions
In the high-temperature or low-temperature state, the mode and type of discharge in H 2 O are different. At high temperature, the discharge mode is a breakdown of heat bubbles and the type is streamer discharge; at low temperature, the discharge mode is the field ionization mechanism and the type is spark discharge. The modes of the two discharges can be changed when the temperature of the liquid H 2 O changes. The cryogenic liquid is heated during the discharge process, and the type of discharge changes from spark to streamer when the temperature rises to high temperature. The field ionization discharge has a higher energy and produces more active substances; the breakdown heat-bubble discharge is more stable and the discharge voltage is lower. Figure 7 . Emission spectra of the high-discharge mode. 
